) and became nearly independent of the source of HPr(His~P) (S. thermophilus, Bacillus subtilis or E. coli). The increased phosphoryl transfer rate of IIA
INTRODUCTION
The phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS) catalyses the uptake of carbohydrate concomitant with its phosphorylation. The phosphoryl group is transferred from phosphoenolpyruvate (PEP) via the general energy coupling proteins Enzyme I and HPr to the sugarspecific phosphoryl transfer protein/domain IIA; IIA~P transfers the phosphoryl group to the sugarspecific IIB protein/domain which phosphorylates the sugar that is translocated via the sugar-specific IIC protein/domain (Postma et al., 1993) . Apart from its function in the uptake and phosphorylation of sugars, the PTS regulates transport and subsequent metabolism of non-PTS carbohydrates. In Gram-negative enteric bacteria this regulation is mediated by the phosphorylation state of IIA Glc ,
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which is determined by the relative rates of phosphorylation by HPr(His~P) and dephosphorylation by IICB Glc . For instance, IIA Glc ~P is involved in the stimulation of adenylate cyclase, whereby the expression of many catabolic enzymes is regulated through changes in cAMP levels (Botsford and Harman, 1992) . Unphosphorylated IIA Glc , on the other hand, binds directly to several transporters and enzymes of carbohydrate metabolism and thereby inhibits their activities; this phenomenon is called inducer exclusion (Postma et al., 1993) . The interaction of IIA Glc with one of its targets, glycerol kinase (GlpK), has been elucidated by analyzing the crystal structure of E. coli glycerol kinase in complex with E. coli IIA Glc (Hurley et al., 1993) . This study revealed that IIA Glc binds to glycerol kinase at a region that is distant from the catalytic site of glycerol kinase, which suggests that long-range conformational changes mediate the inhibition of glycerol kinase by IIA Glc . In Gram-positive bacteria, besides PEP/Enzyme I-mediated phosphorylation of HPr on a histidine residue (His15), the HPr protein is also be phosphorylated on a serine residue (Ser 46) by a metabolite-activated ATP-dependent protein kinase (Deutscher and Saier, 1983) . The serinephosphorylated form of HPr [HPr(Ser-P)] seems to control carbohydrate metabolism both at the protein and the gene level, i.e., transport activities (inducer exclusion of both PTS and non-PTS sugars and/or inducer expulsion) and transcription (Saier et al., 1996) . There is no evidence for the involvement of IIA Glc or IIA-like proteins in PTS-mediated regulation in Gram-positive bacteria. However, several non-PTS sugar transporters have a carboxyl-terminal domain that is homologous to IIA Glc of E. coli (Poolman et al., 1996; Poolman et al., 1989) . The best-characterized system of this family of transporters with a two-domain structure is the lactose transport protein (LacS) of S. thermophilus. This protein is, amongst others, also homologous to the melibiose transport proteins of Salmonella typhimurium and E. coli, which lack a IIA-like domain, but are regulated by IIA Glc (Yazyu et al., 1984 , Poolman et al., 1996 . The carboxyl-terminal IIA domain of the LacS protein of S. thermophilus is located in the cytoplasm and has 34% identical residues with IIA Glc of E. coli (Poolman et al., 1989) . The IIA domain of LacS (IIA LacS ) is phosphorylated, most likely at His-552, by HPr(His~P) which inhibits the transport activity of LacS (Poolman et al., 1995a , Poolman et al., 1992 . This histidine residue corresponds with His-90 of IIA Glc in E. coli, which has been shown to be the phosphoryl accepting site (Dörschug et al., 1984 , Presper et al., 1989 (Fig. 1) . The phosphorylation of LacS by HPr(His~P)has only been assessed qualitatively, and it is not known whether the IIA LacS domain has equivalent phosphoryl transfer activity as IIA Glc .
In the present study, we investigated the kinetics of (de)phosphorylation of the IIA LacS domain of S. thermophilus, and its ability to carry out phosphoryl transfer to IICB Glc of E. coli (PTSmediated glucose transport) and to inhibit glycerol kinase. Information about the (de)phosphorylation kinetics is relevant as the only known function of the IIA domain in LacS, and homologous transporters, concerns the regulation of lactose-H + symport activity, for which a very rapid phosphoryl transfer may not be critical. For these studies the IIA domain of LacS was expressed in E. coli and S. typhimurium, and two mutants were constructed in which either the proposed phosphoryl-accepting histidine was replaced by Arg (IIA LacS (H552R)) or two residues near the putative phosphoryla-tion site were replaced by the equivalent residues conserved in all PTS members of the IIA Glc family (IIA LacS (I548E/G556D)) (Fig. 1) . The crystal structures of IIA Glc from E. coli and B. subtilis show that the Glu residue is exposed to the surface of the molecule and may be critical for the inter-action of IIA with its partner molecules; the Asp residue is close to the active site in the tertiary structure (Liao et al., 1991; Worthylake et al., 1991) . For the in vitro phosphorylation assays each of the (mutant) proteins was purified and the phosphorylation by HPr(His~P)from E. coli, B. subtilis and S. thermophilus was assessed. 
MATERIALS AND METHODS
Bacterial strains and growth conditions. The following E. coli and S. typhimurium strains were used: E. coli DH5α [deoR, endA1, gyrA961, et al., 1985) , and S. typhimurium PP2178 [crr-307::Tn10, nagE142, trpB223] (van der Vlag et al., 1995) . To isolate plasmid DNA, the cells were grown in Luria broth under vigorous aeration at 37 o C (Sambrook et al., 1989) . For the transport assays, the cells were grown in minimal medium A (Scholte et al., 1981) with glycerol (0.2 % w/v) as carbon and energy source as described by van der Vlag et al. (1994) . For large scale protein purification, the cells were grown in Luria broth in a 10 litre fermenter (Bio Bench ADI 1065; Applicon, Inc.) with oxygen supply (50 % saturation) and pH control (pH 7.0). Growth on succinate was performed on agar plates containing minimal-salt medium A supplemented with succinate (0.5%) and the essential nutrients as indicated by the autotrophic markers. When necessary, carbenicillin (50 µg/ml), chloramphenicol (10 µg/ml), tetracyclin (12.5 µg/ml) or isopropyl-β-D-thiogalactopyranoside (1 mM) was added to the medium. S. thermophilus ST11(∆lacS)/pGKHis was grown semi-anaerobically at 42 o C in (B)elliker broth supplemented with 0.5% beef extract, 20 mM lactose plus 5 µg/ml erythromycin (Knol et al., 1996) . DNA manipulations. DNA modifications were performed as described by Sambrook et al (1989) , unless indicated otherwise. Subcloning of plasmids into E. coli strains was performed via E. coli DH5α. The plasmids used for the expression of proteins in E. coli and S. typhimurium are listed in Table 1 .
Since alignments of the IIA domain of LacS (IIA LacS ) with other IIA proteins do not easily reveal an optimal translation initiation site, several gene fragments specifying IIA LacS were cloned. ATG initiation codons were engineered at positions 1359, 1383 and 1440 of the lacS gene, using the forward primers ARH (5'AGGAGGTGTCAACATGGCAC GTCACGCTAAAATTGT), ELE (5'AGGAGGTGTCAACATGGAATTGGAACATCGCTTTAG) or VSL (5'AGGAG GTGTCAACATGGTATCTCTTGTAACCCCTAC), respectively; the corresponding protein domains are 181, 173 and 154 amino acids long. For the PCR reactions BR (5'CAAAATACTTAGGATCCGAGTGAGCATC) served as reverse primer, which generated a new BamHI site 82 bp downstream of the stop codon of the lacS gene. For the PCR reactions with pSKE8e as template DNA the oligonucleotide primers were treated with T4 polynucleotide kinase before use. PCR fragments were isolated with QIA quick spin columns (Qiagen, Inc.) and, subsequently, ligated blunt into pSK -, that had been digested with SmaI and dephosphorylated by Klenow enzyme. In the resulting plasmids pSK181, pSK173 and pSK154, the gene fragments encoding of IIA LacS are under control of the T7 promoter. For the expression of IIA LacS from the taq promoter, plasmid pKKELE was constructed by ligating the PCR ELE/BR fragment into pKK223-3, that had been linearized with SmaI and treated with Klenow enzyme.
For the expression of IIA LacS from the lacS promoter and its native ribosome-binding site and to generate a 6-histidine tag at the C-terminus of IIA LacS , the NcoI/BamHI fragment of pSKE8N was swopped by the NE/BR PCR fragment that had been treated with NcoI and BamHI. The NE/BR PCR fragment was synthetised by using the oligonucleotide primer NE (5'GTCACCATGGAATTGGAACATCGC) as forward primer, which introduced a new NcoI restriction site at the ATG initiation codon of IIA LacS , BR as reverse primer and pSKE8his as template DNA. IIA
LacS
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with mutations H552R and I548E/G556D were constructed by using pSKE8(lacS-H552R) or pSKE8(lacS-I548E/ G556D), respectively, as template DNA for the PCR reactions. NE was used as forward and LBR (5' CGCGGATCCTT TTTTGAAGGTAAT) as reverse primer; LBR created a BamHI restriction site 1 bp upstream of the stop codon of the lacS gene. After isolation of the PCR fragments and digestion with NcoI and BamHI, the fragments were ligated into vector pSKoppAChis, that had been treated with the corresponding enzymes. In this way, the gene fragments specifying mutant IIA LacS were put under control of the lacS promoter and the corresponding proteins had a 6-histidine tag at the carboxyl-terminus. All plasmids constructed were checked by restriction analysis and nucleotide sequencing using the automated laser fluorescent DNA sequencer Vistra system with the labelled primer cycle sequencing kit (Amersham, Inc.).
Nomenclature. IIA
LacS refers to the IIA domain of LacS in general, whereas the constructs specifying a given protein fragment of certain length are indicated by a number between square brackets (e.g. IIA
LacS
[181]). The his-tagged IIA LacS [173] protein, which was used in most of the experiments, is referred to as IIA ; when appropriate, mutations are indicated between brackets e.g. IIA (H552R) and IIA (I548E/G556D). Ile-548, His-552 and Gly-556 denote the residue numbers in LacS and this numbering is also used to indicate these positions in IIA LacS .
Protein purification. All purification procedures were carried out at 4 o C unless indicated otherwise. Enzyme I and HPr of B. subtilis an E. coli were purified as described previously (Reizer et al., 1989a; Reizer et al., 1992; van Dijk et al., 1990) . For the isolation and purification of HPr from S. thermophilus, the cells were lysed after lysozyme treatment (Foucaud and Poolman, 1992) . For the removal of lysozyme, the supernatant of the cell lysate fraction was diluted 1 x in milli Q water and incubated with S-Sepharose (10 ml/1g lysozyme) for 1h at 4 o C. Fresh S-Sepharose was added twice, after removal of old resin by decanting the supernatant, after which the cell lysate fraction was incubated for another 1h at 4 o C. Subsequently, the proteins were precipitated by adding ammonium sulfate to 80 % (w/v) and incubating overnight on ice water. After centrifugation (45 min. at 70,000 x g), the pellet was dissolved in 20 mM Tris-HCl pH 8.5 and loaded on a DEAE-Sepharose fast flow column of (1.6 x 40 cm; Pharmacia Biotech Inc.) that had been equilibrated with 20 mM Tris-HCl pH 8.5. The column was washed with 10 column volumes of 20 mM Tris-HCl pH 7.0. Proteins were eluted with 10 column volumes of 20 mM Tris-HCl pH 7.0 plus 40 mM NaCl, and precipitated by 80 % ammonium sulfate as described above. The pellet was dissolved in 20 mM Na Acetate, pH 4.0 and desalted on a PD10 column (Pharmacia Biotech Inc.). The resulting fraction was loaded onto a S-Sepharose fast flow column (HR5/5 Pharmacia Biotech Inc.) that had been equilibrated with 20 mM Na-acetate, pH 4.0. The proteins were eluted using a 250 ml gradient of 0-250 mM NaCl in 20 mM Na-acetate, pH 4.0. The fractions containing HPr were pooled and concentrated by 80 % ammonium sulfate as described above. The pellet was dissolved in 50 mM KPi, pH 7.0, to a concentration of 2 mg/ml.
For the isolation and purification of IIA LacS , E. coli cells expressing IIA LacS-6H were grown to late-exponentional phase and harvested by centrifugation. The cells were washed twice with 50 mM potassium phosphate (KPi), pH 8.0, and resuspended in buffer A (50 mM KPi, pH 8.0, 10 % (w/v) glycerol) to a final total protein concentration of 25 mg/ml. After breaking the cells with a French pressure cell (20,000 psi), DNA was removed by addition of 0.083% polyethylenimine that had been equilibrated with buffer A and incubated for 15 min at 4 o C. After centrifugation for 15 min at 70,000 x g, NaCl and imidazole were added to the supernatant to a final concentration of 400 mM and 10 mM, respectively. The sample was mixed and incubated with Ni-NTA resin (~ 5 mg IIA LacS-6H domain/ml of resin) for 1 h at 4 o C; the resin had been equilibrated with buffer A10 (50 mM KPi, pH8, 10% (w/v) glycerol, 400 mM NaCl, 10 mM imidazole). Next, the column material was poured into a Bio-Spin column (Bio-Rad Laboratories, Inc.) and washed with 10 column volumes of buffer A10, 10 column volumes of buffer A30 (buffer A10 containing 30 mM of imidazole at pH 6.0). The protein was eluted with buffer A containing 500 mM imidazole. The fractions eluting from the column were desalted by buffer exchange, using PD-10 columns that had been equilibrated with 50 mM Tris-HCl, pH 8.0. Eluted fractions were loaded onto a MonoQ column (HR 5/5, Pharmacia Biotech Inc.) that had been equilibrated with 50 mM Tris-HCl, pH 8.0. The proteins were eluted by running a 100 ml gradient of 0 to 500 mM NaCl in 50 mM TrisHCl, pH 8.0.
Phosphorylation and dephosphorylation assays. For the phosphorylation of IIA , 5.8 µM of purified IIA was incubated in 50 mM Tris-acetate, pH 7.5 containing 1 mM DTT, 2 mM MgCl 2 , 0.8 µM purified Enzyme I, 10 mM PEP and HPr at concentrations ranging from 1 to 90 µM. The phosphorylation reactions were carried out at 10 o C in a total volume of 10 µl. The reactions were stopped by addition of 10 µl of 2 x SDS sample buffer (Sambrook et al., 1989) and the samples were stored on ice. For the dephosphorylation of IIA LacS-6H ~P, IIA LacS-6H was first phosphorylated by PEP, Enzyme I and HPr, after which these components were removed by binding IIA LacS-6H ~P to the Ni-NTA resin. Briefly, 70 µl of reaction mixture was mixed with 40 µl Ni-NTA that had been equilibrated with 50 mM KPi, pH 7.0. Following a wash with 2 ml of 50 mM KPi, IIA LacS-6H ~P was eluted with 120 µl of 50 mM KPi, pH 7.0 plus 500 mM imidazole. For the dephosphorylation reactions, IIA LacS-6H ~P (10 µM or indicated otherwise) was incubated in 50 mM Tris-acetate, pH 7.5, 1 mM DTT, 2 mM MgCl 2 and HPr in the range of 1 to 100 µM in a total volume of 10 µl at 10 o C. The reaction was followed as described above. The amount of (de)phosphorylated protein was determined by SDS-PAGE analysis (15% polyacrylamide; Laemmli, 1970) and Coomassie Brilliant Blue staining (Sambrook et al., 1989) , and the amount of IIA LacS-6H and IIA LacS-6H ~P were determined by densitometry using a Dextra DF2400T scanner (Dextra Technology, Inc).
Immunological methods. Immunodetection of wild type and mutant IIA LacS was performed with antibodies raised against a peptide corresponding to the carboxyl-terminal 17 residues of LacS (Poolman et al., 1995a) , or antibodies raised against purified IIA LacS-6H (this Chapter). Immunodetection of HPr from S. thermophilus was performed with antibodies raised against HPr of S. salivarius. The proteins were separated by SDS-PAGE (15 % polyacrylamide) and transferred to polyvinylidene difluoride membranes by semi-dry electrophoretic blotting. The Western-light TM chemiluminesence detection kit was used to visualize the proteins (Tropix Inc.). Postma (1977) . Protein quantification was performed by the D c Protein Assay (Bio-Rad) using bovin serum albumine as standard. N-terminal sequencing of proteins was performed by Eurosequence, Inc., Groningen.
Miscellaneous. Uptake of labelled carbohydrates in intact cells was carried out as described by
Materials. D-[U-
14 C]Glucose (293 mCi/mmol) and [U-14 C]Glycerol (150 mCi/mmol) were obtained from the Radiochemical Centre, Amhersham, United Kingdom. QIA quick spin columns and Ni-NTA resin were purchased from Qiagen, Inc.; the Bio-Spin columns were from Bio-Rad Laboratories, Inc.; PD-10 and MonoQ columns (HR 5/5) were from Pharmacia Biotech, Inc.; 2-deoxy-D-glucose grade II and polyethylenimine were from Sigma and the enzymes needed for DNA manipulations were obtained from Boeringer Mannheim. All other materials were reagent grade and obtained from commercial sources.
RESULTS
Expression of the IIA domain of LacS
To study the functional properties of the IIA domain of LacS, this portion of the protein was expressed separate from the carrier domain. Although the IIA domain of LacS is homologous to E. coli IIA Glc and various other IIA proteins, the similarity at the amino-terminal end is not significant and the start of the linker region, connecting the carrier and IIA domain of LacS, is not welldefined (Poolman et al., 1989 , Sutrina et al., 1990 . Therefore, three translation initiation sites were selected near the linker region such that IIA LacS proteins of 181, 173 and 154 amino acids long were obtained (Fig.2) .
The individual proteins were tested for their ability to be phosphorylated by HPr(His~P), which was determined by following the migration of the proteins on a SDS-PAGE gel (Dörschug et al., 1984) . The IIA LacS proteins present in the cell extracts were detected by immunoblotting using an antibody directed against the C-terminus of LacS. On a SDS-PAGE gel, the IIA LacS proteins were migrating at a somewhat higher apparent molecular mass than predicted from the deduced amino acid sequence, which has also been observed for other IIA proteins (Reizer et al., 1992 To amplify the expression of IIA
LacS
[173] several plasmid constructs were made (Table I) , in which the copy number was either high or medium and the promoter was inducible (tac and T7) or constitutive (lacS). After transformation of the E. coli hosts (DH5α, MC1061 and BL21) with the appropriate plasmids, the highest expression (2 to 5% of total cell protein) was obtained from the lacS promoter present in plasmid pSKIIA and using E. coli DH5α as host (data not shown). On the basis of immunoblot detection using an antibody directed against the C-terminus of LacS, it could be shown that the expressed proteins corresponded to IIA LacS (data not shown). To facilitate the purifycation of IIA LacS , pSKIIAhis was constructed, in which sequences specifying a factor Xa cleavage site and a 6-histidine tag are present at the 3' end of the IIA LacS gene fragment. The introduction of a C-terminal his-tag had no effect on the ability of HPr (His~P) 
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Chapter 2.
Purification of IIA LacS-6H
For the purification of IIA , E. coli DH5α/pSKIIAhis cells were grown to late-exponentional growth phase (Fig. 3, lane 2) . After breaking the cells in a French pressure cell and removal of cell debris/membranes and DNA ( Fig. 3; lane 3) , the his-tagged protein could be isolated with a purity of 90 % using nickel chelate affinity chromatography (Fig. 3, lane 4) . Fig. 3 Further purification was achieved by anion exchange chromatography using a mono Q column (Fig. 3, lane 5) . The protein was eluted at a NaCl concentration of approximately 150 mM. From 1 liter of cells, grown to an A 660 of 4.5 in a computer-controlled fermenter and under vigorous aeration, 1.6 mg of IIA was obtained. The amino-terminal sequence of the purified protein was Met-Glu-Leu-Glu-His-Arg, which is identical to the anticipated amino acid sequence (Poolman et al., 1989) 
Purification of HPr
HPr from S. thermophilus was analyzed in column fractions by native PAGE (15% polyacrylamide), and immunodetection using antibodies raised against HPr of S. salivarius. HPr was isolated from cells of S. thermophilus ST11(∆lacS)/pGKhis that were grown to late-exponentional phase. After breaking the cells, most of the lysozyme present in the cell lysate was removed by adsorption to S-Sepharose. Subsequently, HPr was purified to near homogeneity in two steps, involving anion and cation exchange chromatography, respectively. On a SDS-PAGE gel HPr migrated at ~13 kDa. This apparent molecular mass of HPr from S. thermophilus is in the same range as found for HPrs purified from other streptococci, 6.7 -17 kDa, while the molecular masses from the nucleotide sequences are 8.9 kDa (Vadeboncoeur and Pelletier, 1997)
Phosphorylation of IIA LacS-6H by PTS mediated enzymes
Phosphorylation of IIA was analysed by SDS-PAGE. The relative electrophoretic mobility of purified IIA in the absence (lanes 2) and presence of PEP, Enzyme I plus HPr of S. thermophilus (lane 4), B. subtilis (lane 6) and E. coli (lane 8) is shown in Fig.4A . The phosphorylated form IIA exhibited a somewhat lower electrophoretic mobility than the non-phosphorylated protein, (compare lanes 2 with lanes 4, 6 and 8). (I548E/G556D) The phosphorylation kinetics of IIA by HPr(His~P) from S. thermophilus is shown in Fig. 5 . To determine the phosphorylation rates more precisely, the experiments were performed at 10 o C, which decreased the phosphorylation rate approximately 1 order of magnitude as compared to 37 o C. In these experiments the concentration of HPr(His~P) was in 5-to 50-fold excess of IIA and the kinetics of IIA phosphorylation could be approximated as a first order process (Fig.  5A ). The initial rates of phosphorylation of IIA at different HPr(His~P) concentrations and for HPr of S. thermophilus, E. coli and B. subtilis are presented in Fig. 5B . Clearly, IIA was phosphorylated approximately 1 and 2 orders of magnitude faster by HPr(His~P) from S. thermophilus than by HPr(His~P) from E. coli and B. subtilis, respectively. The derived rate constants obtained from these data are summarized in Table II (first column) . The IIA (I548E/G556D) mutant was constructed because the Glu and Asp residues are conserved in all PTS members of the IIA family, whereas they are substituted by neutral residues in the non-PTS IIA domains. These residues are predicted to affect the interaction of IIA with its partner molecules, e.g. HPr(His~P) and IIB. The phosphorylation kinetics of IIA (I548E/ G556D) is shown in Fig. 5C and Table II (fourth column) . Indeed, the rate of phosphorylation of IIA (I548E/G556D) by HPr(His~P) from S. thermophilus is increased approximately 1 order of magnitude. Remarkably, however, the rate of phosphorylation of IIA (I548E/G556D) by HPr(His~P) from B. subtilis and E. coli increased 2-and 3-orders of magnitude relative to that of IIA , and the phosphorylation became nearly independent of the source of HPr~P. IIA Glc ~P can be dephosphorylated by transferring the phosphoryl group to IICB Glc or by redirecting the phosphoryl group to HPr. The dephosphorylation properties of IIA and IIA LacS- 
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(I548E/G556D)~P were studied with HPr from S. thermophilus, B. subtilis and E. coli as phosphoryl acceptor. Fig. 6 shows the time course for the phosphoryl transfer from IIA to HPr from S. thermophilus at different concentrations of HPr. Under these conditions IIA was quite stable and the first order rate constant for the autodephosphorylation was 6.7 x 10 -5 s -1 (Fig. 6  inset) . The dephosphorylation rates of IIA were determined with HPr from S. thermophilus, B. subtilis and E. coli as phosphorylacceptor. As anticipated from the phosphorylation assays, HPr from S. thermophilus was a much better acceptor than HPr from B. subtilis or E. coli (Table  II) . The phosphoryl transfer from IIA (I548E/G556D)~P to HPr from S. thermophilus, B. subtilis and E. coli was too fast to be measured accurately at 10 o C. The data with these three HPr's as acceptor were qualitatively very similar, showing that the residues Glu-548 and Asp-556 allow a better interaction between IIA and HPr from both homologous and heterologous origin. (I548E/G556D) were expressed in S. typhimurium PP2178 (crr::Tn10 nagE). This strain lacks IIA Glc as well as IICBA Nag , and consequently, glycerol uptake is not inhibited by the presence of a PTS sugar (Fig.7A) , which was observed in the wild type strain. Upon transformation of this strain with plasmids bearing wild type crr + or nagE + genes and expressing the corresponding proteins, glycerol uptake is inhibited by glucose (or analogs) (van der Vlag et al., 1995) . Under these conditions the equilibrium of IIA Glc (or II Nag ) is shifted from the phos-phorylated to the dephosphorylated state, which is known to interact with (and inhibit) glycerol kinase (Postma et al., 1984) . Similarly, upon addition of 2-deoxyglucose to S. typhimurium PP2178 expressing IIA LacS or IIA (I548E/G556D), glycerol uptake was partially inhibited (Fig.7B and  C) . The glycerol uptake was not inhibited by IIA (H552R), indicating that the residue at position 552 in IIA LacS is important for the interaction with glycerol kinase (Fig. 7D) . (H552R)] (D). Cells were grown overnight on a minimal salts medium supplemented with 0.4% DL-lactate. After being washed with minimal salts medium, the cells were diluted to an A 660 of 0.35 in minimal salts medium containing 54 mM glycerol and incubated for 30 min at 37 o C; glucose was added to a final concentration of 10 mM; the cells were incubated for 1 h at 37 o C and then washed with minimal salts medium. Uptake assays with 0.5 mM [ 14 C]glycerol were performed in the presence (open symbols) and absence (filled symbols) of 10 mM 2-deoxy-D-glucose; the cells were equilibrated in the presence or absence of 2-deoxy-D-glucose for 5 min prior to the initiation of uptake.
The inhibition of glycerol uptake was most clearly observed when the actual uptake rate of glycerol [amount of glycerol kinase] was low (Fig. 8) , indicating that the extent of inhibition is determined by the level of glycerol kinase, as observed previously (van der Vlag et al., 1994) . The maximal inhibition of the glycerol uptake rate in S. typhimurium PP2178 was 65%. IIA (I548E/G556D) inhibited glycerol kinase stronger than IIA LacS at equal glycerol uptake rates (Fig. 8) . This difference is most likely due to the higher expression of IIA (I548E/G556D) as compared to IIA LacS [173] , using the expression plasmids pSKIIAm2his and pKKELE, respectively. IIA LacS could not be expressed to similar high levels in S. typhimurium PP2178, as pSKIIAhis was lethal to these cells.
